It is wrong to think of information networks as a new phenomenon. In the 2nd century AD, the Roman Emperor Septimius Severus ruled an empire that covered about one third of the world. As ever, accurate information was vital, and his network was the Cursus Publicus. 1 It centered on personal messengers called Nuntii who handcarried information to and from Rome.
Improving on an existing system, Septimius Severus established "service stations" every 20 miles or so along all the main routes through the empire. By simply showing a pass, the Nuntii were able to exchange horses or use a bed for the night. In this way, the efficient-though not always secureflow of information across thousands of miles was ensured through a state-of-the-art network that survived until the fifth century.
More than a thousand years later in 1860, the speed and bandwidth of information technology were virtually unchanged, and echoing the Romans, the Pony Express established its own smaller version of the Cursus Publicus in the USA-this time on a commercial basis. 2 But by then, technology development was beginning to accelerate and just eighteen months later the first transcontinental telegraph line precipitated the end of the Pony Express.
Since then, speed and bandwidth have continued to increase and in the last few years the rate of increase has accelerated dramatically. Today, electronic information technology (IT) is delivering data and information to individuals and corporations at a rate and volume never before achieved. This article reviews some of the contemporary challenges and opportunities presented by modern IT and also looks ahead at how knowledge management is becoming an increasing concern within the oil industry. 1 . Cursus Publicus may be literally translated to mean "Public Road." 2. The cost of sending a package was $5 per half-ounce.
First, it is important to understand how data, information and knowledge are related. Data may be defined as raw facts, information as data endowed with relevance and purpose, and knowledge as information enhanced by context, meaning and interpretation. 3 For example, the data in a timetable describing a train departure might read "Camb-07.39-2." Information consists of discrete pieces of data that are ordered and organized by the mind into various patterns. Therefore, the information described by these data is that the Cambridge train departs from Platform Two at 7:39 in the morning.
If someone then told you that: "The 7:39 always leaves five minutes late because it has to wait for a connection with another train," he or she is imparting their knowledge to you-although, if you were not interested in the train, this constitutes noise rather than knowledge. The problem then is what value to put on this knowledge. If the advice came from the manager of the train station, the knowledge is more likely to be credible than if it came from a stranger you had just met in the station. Unless of course the stranger turned out to be the driver of the train.
In short, data alone cannot tell you what you need to know. And even after the data have been transformed into information, this in turn must be organized and integrated using experience, memory and insight to create knowledge (above left).
Since its genesis, the oil industry has been one of the most geographically dispersed and multicultural businesses. As such, the demands made on those charged with finding and delivering hydrocarbons have always been high. For example, when the pioneering oilfield engineers of the 1930s waded through the swamps of Venezuela to discover and develop resources there, they had no practical means to rapidly communicate with their headquarters or technical centers. For all intents and purposes, they were the sole repositories of their branch of knowledge on that rig at that time.
Although communications have improved dramatically, this effectively remained the situation until relatively recently. It was only then that new ways of using expertisewithin a wider organization and beyond the confines of the rig-started to be deployed. Yet even today, it is virtually impossible to deliver the full scope of corporate knowhow to every corner of industry activity. But it is this objective that is motivating operators and contractors alike. The goals are to improve decision making, raise service quality and cut operational costs by applying the full weight of corporate knowledge everywhere all the time.
Using an organization's knowledge and stored information to the fullest possible extent has some prerequisites. First, the technology needs to be in place-namely, a secure communications infrastructure, the necessary repositories of data and information and the software to extract the desired information. However, knowledge starts and ends with people; putting knowledge to work across an organization requires new processes and individuals who are predisposed to communicate their knowledge to others. sFrom data to information to knowledge. Data must be integrated to change them into information and then organized using experience to create knowledge.
Creating a Secure Infrastructure
Developments over the past decade or so have put in place an infrastructure-a series of connected networks-that can reach into almost every corner of the world. In most cases, only political problems prevent full coverage (see "The Links Behind the Desktop," next page).
The growth in bandwidth and speed of these networks is creating new ways of doing business. For example, the Schlumberger intranet-SINet-first offered the transmission of basic e-mail over a direct link in 1985. Today, the network may be used to deliver a 25 million trace, 3D seismic survey in a few working days, helping to substantially reduce the turnaround time for processing seismic data (previous page, top ) .
There are of course key differences between the networks of today and a simplistic system of messengers such as the Cursus Publicus. These differences concern not only the dramatically higher bandwidth and speed, but also accessibility. Networks such as SINet deal not just in traffic to and from the center; everyone on the network can access everyone else. Achieving this universality and developing communications networks that can meet expanding needs required the establishment of standards that allow interoperability (below).
Simply stated, interoperability is the ability of different systems, products and services to work together. Therefore, no matter what the computing and communication platform, SINet offers equal accessibility. The key to interoperability is the development and implementation of open interfaces.
With different Schlumberger operations covering almost the entire world, n e e d s tended to vary. The interoperability was achieved, and is maintained, through a collaborative environment via a forum that can be used to receive and also propagate opinions and ideas. A similar approach of collaboration and discussion around the world was needed to ensure that broad standards have been adopted by the network community as a whole. Through the work of the Internet Engineering Task Force, the Internet has been able to grow far beyond its originally limited bounds.
Emperor Septimius Severus made great efforts to keep secret the information he transmitted. Similar concerns face many of today's network users. Indeed, one of the strongest barriers to increased use of IT is security concerns. In Roman times, security was provided by a unique seal on the package being transmitted. For this seal to be broken required the negligence or collaboration of the messenger.
The picture today remains fundamentally the same. Industry statistics reveal that only a small percentage of all security incidents are due to "outsider attacks." In most cases, security breaches are due to ignorance-like misuse of technology-or employee negligence (above).
For this reason, corporate security policies usually start with the work force and extend through the establishment of internal security policies and audit procedures. These encompass access, authentication and data integrity procedures (see "Security Policies in Focus," page 9).
However (continued on page 8)
sInformation security-a people issue.
Only about 3% of breaches in information security come through attacks from the outside. Nevertheless, technology and an incident response team must be in place to respond to such breaches and any disasters that may occur. and fault management services. 1 . A comprehensive set of definitions and explanations may be found at the PC Webopaedia: http://www.pcwebopaedia.com/index.html.
the main gateway to the outside world. Second, if partners and suppliers choose to improve communications by linking their intranets-creating so-called extranetseach link will have to be protected and secured. Thus, the need for technical solutions such as firewalls, encryption, and authentication is increasing.
Firewalls-Designed to block the progress of most kinds of unauthorized access to or from a private network, firewalls police the intranet-Internet doorway. All traffic entering or leaving an intranet that passes through the firewall is examined. Traffic that does not meet specific security criteria is rejected. There are several techniques:
• A packet filter looks at each packet of data or information entering or leaving the network and accepts or rejects it based on network administrator-defined rules • An application gateway applies security mechanisms to specific applications, such as those used to transfer files • A proxy server intercepts all messages entering and leaving the network. The proxy server effectively hides the true network addresses.
In practice, many firewalls use two or more of these techniques in concert. For greater security, data may be encrypted.
Encryption-In its most basic form, encryption amounts to the scrambling of data using a mathematical program that may be reversed to unscramble data to their usable format. Encryption and decryption are enabled by the possesion of the appropriate key. The keys that control access to the data are actually strings of alphanumeric digits that are plugged into the mathematical algorithm that scrambles the data. Anyone with the key can decrypt the data to yield the original sequence of binary digits that comprise the file (above).
There are two main types of encryption: symmetric and asymmetric-often called public-key. Symmetric-key systems use a single key that both the sender and recipient hold. However, key management is easier in public-key-asymmetric-systems, which is why most messaging systems such as PGP Pretty Good Privacy and S/MIME Secure MIME use public-key algorithms to distribute keys through the Internet. The public key is disseminated to anyone from whom you wish to receive a message. The owner of the private key keeps it secret and uses it to decrypt the messages sent to him and encrypt messages he sends (below).
When John wants to send a secure message to Jane, he uses his key and Jane's public key to encrypt the message. Jane then uses her private key to decrypt it. 4 In addition, Jane is certain that it was John who sent the message since it required John's key for successful encryption and decryption.
Although the public and private keys are related, it is computationally impractical to deduce the private key even if the public key is known. The only difficulty with public-key systems-as with symmetric key systems-is that message senders need the recipient's public key to encrypt a message to him or her, and distribution and maintenance of public keys require some kind of repository. This is important because John needs to be sure that he has Jane's public key when sending a message. For example, if Kate were to publish her key under Jane's name and John used it to send a message, Jane would be unable to decrypt it and Kate may even be able to read the message-this is a type of denial-of-service attack. However, to avoid this, digital certificates can be used to bind Jane's name to her public key.
Today, the private key may be stored on a hard or floppy disk which in turn might need a personal identity number (PIN) to open. However, an increasingly popular option is for the encryption algorithms to be held on the chip of a smart card that is then used in a card reader attached to the computer. A smart card also requires a PIN to activate it. Storing the algorithms on a card is desirable because the secret key need never leave the card, avoiding the possibility of a rogue terminal storing users' keys.
Authentication-When mathematical algorithms are used to combine information from a data object, such as a word-processing document or image, with a user's private key, a digital signature is created. The signature can be created only by the holder of the private key. Anyone with the appropriate public key can then verify that the object was signed as claimed. Verifying the signature on a data object is one example of authentication. 
Security Policies in Focus
Generating a digital signature uses cryptographic techniques, but does not necessarily encrypt the work; the work may still be accessed and used without decryption. Thus, digital signatures identify the originator of a particular file, and also verify that the contents of the file have not been altered from what was originally distributed.
"Digital watermarking" methods have also been developed that encode digitized information with attributes. These attributes cannot easily be detected or disassociated from the file containing that information. Thus, hidden messages may be embedded in digitized visual or audio data, making breaches of copyright easier to detect. This watermark does not degrade, yet does not affect the visual or audible quality of the work. Instead, the embedded information can be detected only if specifically sought out by someone who knows what to look for-for example, the copyright owner.
There is, therefore, a wide range of techniques available to an IT solutions providersuch as Omnes, the Schlumberger/Cable and Wireless joint venture-to deliver a range of secure services. For example, Omnes offers its INCA Intranet Node Corporate Access integrated Internet and intranet solutions platform to distribute the Internet through an organization while ensuring security through a fully managed firewall capability. Omnes recently implemented this for the Qatar General Petroleum Corp.
Firewalls may be likened to a hard external shell of an egg; once broken, the whole of the egg inside may be accessed. Because firewalls may in some circumstances be bypassed or breached, companies need additional defenses for those parts of their intranets that contain the most sensitive information.
Combining Web-based accessibility with case-hardened security, Schlumberger Austin Product Center, Austin, Texas, USA, has developed with Omnes the TWS Trusted Web Service secure document vault. For this, a Netscape Enterprise server is equipped with state-of-the-art security measures-firewalls, personal digital certificates and tools to authenticate, encrypt and monitor all traffic. The server is also on a dedicated machine that constantly monitors possible intrusions and checks the integrity of its configuration. This opens the way for more effective on-line communications between partners, or between contractors and operators (above).
For example, by using TWS technology, Geco-Prakla has launched its SuperVision service. This enables an oil company to monitor the progress of seismic acquisition and data processing projects. Authorized personnel are able to access a site dedicated to a given project. They may acquire hourly, daily or monthly updated information on the progress of acquisition and processing. Images and quality control plots will be available, as will daily production reports, spreadsheets and correspondence. Over time, the updated information creates a project archive.
Digital certificates are already in use for access to TWS protected sites. Currently these are loaded onto a computer's hard disk, and cannot be tampered with or transferred to another machine. Schlumberger is experimenting with the use of smart cards as physical carriers of personal digital certificates.
Using Infrastructure: Building Better Teams
Since the introduction of photocopiers, nothing has influenced the way that information flows through an organization more than computer networks. The simplest benefit comes from the replacement of phone, fax and telex messages with electronic mail on private and public networks. However, more sophisticated changes are possible and are being harnessed to improve the way that information and knowledge are propagated and accumulated. This section looks at how improving communications techniques has yielded exciting results.
When BP Exploration Operating Company Limited was reorganized into 42 separate business assets in 1994, a "federation of assets" was created. Each asset was given the freedom to develop processes and solutions to meet local needs.
Good communications were clearly essential to making this federation work. Headquarters needed a means of coordination and the business units needed ways of communicating the creative results of their relative independence. One potential solution was the installation of video conferencing capability across the organization.
At the outset, it was decided that the project be led not by a group of IT experts, but by a special core team. There were several reasons for this. One was a determination that the initiative should not be seen as an sDesktop access with state-of-the-art security. The Geco-Prakla SuperVision service enables clients to monitor the progress of acquisition and processing projects while preventing unauthorized access to the information.
IT initiative, but as a business initiative. A second was that the emphasis was being put on the need to change work behavior, rather than technology. Finally, the aim was to use virtual teamworking (VT) to cross organizational boundaries. It was decided that these objectives would best be served by a group drawn from different parts of the company. The team of five people began work in December 1994. From the start, the focus was on connecting people with complementary expertise. In 1996, building on the success of the VT pilot, BP Exploration took interoperability a step further than many companies, standardizing the desktop and server environment across the organization. This meant the choice of just two types of PC-desktop or laptop. Each was supplied with core software plus additional applications from a standard suite. The infrastructure was also standardized through common file servers and network protocols. In just six months, the fully-supported changeover for 7500 users in 27 locations was achieved.
Moving VT from pilot to operational status meant that 500 of these PCs were fitted with a package that enabled use of desktop video conferencing, multimedia e-mail, application-sharing shared chalkboards, video recording, groupware exchanges, Web browsing and document scanning.
Connections were made using ISDN over standard telephone lines and, when necessary, through satellite links. 5 The first units were put in place in August 1995. A key element of the implementation revolved around coaching. A subgroup of the core team-the coaching team-took on the role of showing participants how to use the technology. More importantly, the coaches demonstrated how teams could use the technology to improve their work processes and enhance personal interaction. Of the five pilots chosen for the first wave, the project of developing the Andrew field in the UK North Sea proved the worth of VT.
The goal of the Andrew team was to complete the construction of the new platform on time. The job of building the platform fell to an alliance of BP Exploration and several other companies, including Brown & Root Limited, a design and engineering firm with offices in Colliers Wood, near London, England; and Trafalgar John Brown Oil & Gas Limited (now a member of the Kvaerner Group), a construction firm based in Teesside, northeast England. So the trial was not just one of linking geographically separate operations; it also linked different organizations. In the end, the project team successfully rolled out the Andrew platform in record time (above). There are many reasons for this success, but here is how Phil Forth, an independent consultant from York, England, who worked with the Andrew team to help them use VT effectively, pinpoints the advantages of VT.
Errors are removed from the conversation: "I have come to understand that conversation is rich in visual clues and is poor in aural clues. I have listened to phone conversations whose main achievement was irritation and confusion for both parties. I have also been involved in video conferences that have used the visual clues to steer through misunderstandings and move the project forward." Individuals establish their integrity: "It is far easier to establish credibility when there is a physical presence. We now have some excellent examples of how video conferencing has lead to one individual giving responsibility to another because of the rapport that has been established through VT."
Time to completion is dramatically reduced: "VT has allowed an action to happen at once. Momentum, a precious commodity in a large organization, is maintained."
VT gets the right information to the right people at the right time, enabling them to take the right action: "We are seeing startling examples of how the right things happen because VT gets people the information they need."
VT stops paper shuffling and ties things down: "The potential for VT to remove the mass of paper that crawls around an organization is becoming increasingly apparent."
This latter example includes the effective use of groupware such as Lotus Notes. In the case of Andrew, Lotus Notes software was used only towards the end of the project in the completion phase. However, the potential to decrease paperwork may be appreciated by looking at the design change notices (DCN) that were normally raised in the engineering department in Colliers Wood and construction change notices (CCN) raised in Teesside.
In total, the project generated about 650 DCNs and 1000 CCNs. Each CCN was circulated to four or five disciplines and could lead to changes in perhaps 30 drawings that would be attached to the CCNs for circulation. Each CCN would then be forwarded to some six people for comment or for them to accept. The end result was described as a "flood of paper" that was carried by courier daily between Colliers Wood and Teesside. Most of this could have been avoided through the effective use of groupware.
Using Infrastructure: Improving Service Quality
The advent of effective networks eases the access of employees to stored information. Daily forms and reports that used to be needed may be consolidated and their flow through an organization optimized. Furthermore, electronic commerce and improved management systems will simplify the interfaces between service companies and their clients.
Put simply, the daily clutter of paperwork that obstructs the delivery of services may be removed. Thus, people may concentrate on productive tasks while being able to more clearly identify past mistakes in order sThe BP Andrew platform brought into production six months early, in June 1996. The project of developing the Andrew field in the UK North Sea is a good example of the positive effects of virtual teamworking (VT). The goal of this team was to complete the construction of the new platform on time and VT proved to be one of the major innovations on the project. to avoid them in the future. These two factors alone are significant steps toward improving service quality (right). Similarly, electronic documentation may be used to reduce office clutter and the length of company bookshelves. First attempts to transfer documents such as manuals to an electronic format centered on simply mimicking the paper format: Electronic Document Management meant creating electronic books on CD-ROM or the Web.
Oilfield service companies are increasingly turning to electronic documentation for manuals and service support literature. The technology offers scope to produce significantly more than simple scanned manuals. The documents themselves may be multilayered. The links between the document's producer, shipper, reader and maintainer may be two-way, allowing for rapid modification and redistribution. A key element in effective service delivery within a fast-changing technological environment is the training and development of employees. Here too, companies are increasingly turning to network-delivered training programs that incorporate a growing number of elements of interaction between the learner and the lesson (see "On-Line Electronic Training," next page).
While IT offers service providers opportunities to optimize their internal processes and to better train their engineers, network connectivity also allows service delivery itself to be reengineered. For example, the Schlumberger ClientLink initiative allows client needs and problems to be better gathered, propagated and ultimately dealt with. 6 Another example of this is the real-time transfer of data from rigs to oil and gas company offices. The Schlumberger Wireline & Testing InterACT program, for instance, enables office-based customers to fully engage with the wellsite logging engineer, ensuring optimal use of a logging survey operation. The InterACT service offers real-time transmission of log files, two-way communication and data compression. Optical and digital data are conveyed in real time from the MAXIS Multitask Acquisition and Imaging System logging unit so that they may be viewed and stored on client desktop computers. In this way, rigbased decisions may be made faster and in full cooperation with the company experts who do not need to be on the rig during the job. Supervisors can remotely oversee wellsite operations, and geoscientific experts can respond in a coordinated manner during logging operations.
At the core of the InterACT service is a PCbased file transfer system (FTS) developed at the Schlumberger Austin Product Center. The FTS uses standard transmission control protocols (TCP) and Internet protocols (IP) with a read-while-write capability, adaptable compression and quick recovery (see "From Internet to Intranet," page 6). Data compression minimizes the bandwidth allocation, allowing use of conventional phone lines. During field tests, networks with throughputs as low as 10 kBps were used to transmit a wide variety of imaging logs.
The transmit-while-acquire function makes it possible to transfer very large files during the several hours typically involved in a data acquisition program. In certain situations, these files could be transferred to a processing center before the logging tools have been fully rigged down. The largest such operation to date in the North Sea involved transmission of a file of 320 MB in 11 hours over a nominal 64 kBps link.
The fully automated system is designed so that neither the logging engineer or the office-based client face technical barriers to its use, nor is anyone distracted from the operation by it (above). On-Line Electronic Training 
Simulating a Better Future
We have seen how IT-based processes and systems may be used to clear away the unnecessary ephemera of day-to-day operations and to develop engineers who can deliver world-class services right into client offices. However, parallel to these activities, simulation-a recognized tool for risk analysis and process optimization-is being deployed so that accumulated information and data may be better used to improve future activities. For example, costs are influenced by several sources of uncertainty. The process of quantifying the effects of these uncertainties through simulation is called risk analysis (above). Elsewhere, simulation techniques are being used to model new equipment or tools, accelerating their introduction to the field. Models of the earth are also being created so that similar geologies may be compared and contrasted to improve log and seismic data interpretation.
Additionally, service company operations may be simulated to improve safety or efficiency. A key challenge facing an industry with expanding activity is the need to meet demand. Capital investment in high-cost equipment is one way of meeting mediumor long-term demand. By analyzing global operational statistics, it is possible to identify significant trends and develop improved market understanding. This information may then be used to better specify what equipment to acquire. In this way, client demand for services may be met cost effectively and quickly.
However, short-term needs may often be better met through increased use of current assets. Techniques that help optimize equipment levels and new equipment allocation, or ones that identify bottlenecks and suggest resource management strategies, are already in use.
An example of this comes from the USA. To deliver its fracturing services, Dowell operates thousands of trucks and other vehicles. Work-flow analysis of three districts in West Texas has suggested a potential increase in utilization of stimulation trucks.
To examine what stimulation jobs were requested and which were carried out, data were gathered from standard reports-service orders, well treatment reports, supply service receipt data, service quality reports and driver trip reports. Researchers based in Austin modeled equipment allocation using several parameters: the hydraulic horsepower (HHP), pressure and rate of available pump units; the usage of TCV treatment control vans; the job requirements and their location; and the number of jobs per day and the time required for each job.
The modeling process was able to show that the brake on increasing the utilization of the pumpers was the number of TCV units. Increasing the number of pumpers would reduce overall pumper utilization, while average TCV usage would quickly rise to 100% (left). Then, by proposing an increase in TCV usage, new pumper-sharing policies, and a new dispatching protocolwhere jobs were allocated in groups rather than individually as they were receivedthe researchers were also able to show the ability to meet a significantly increased demand, over recent historical averages.
What this relatively simple example indicates is that operations research modeling-which has commonly been used by airlines and in other industries-has a role to play in improving equipment utilization and speeding up service company response to client requests. 
Keeping Track of Data and Information
Better business processes and effective simulation work using IT depend on access to the necessary data and information. A classic response to this need has often been to create a database. Because of this, the corporate information of large industrial companies is usually scattered among many sources-databases, spreadsheets and Web pages-distributed over many different geographical locations. Additionally, legacy data repositories are usually constructed to store and manage dedicated administrative or operational data, and are targeted for specific uses and needs. For instance, the pumper-truck example above required data gathered from at least six different sources. Considerable efforts are being made by the IT industry to develop ways of "drilling down" different data repositories, extracting the required data and information. 7 Socalled search engines usually locate relevant documents of any format in databases and data repositories on the basis of matching query terms with the documents. 8 However, most conventional search engines deliver to the petitioner unvalidated and unsorted selections. This means that relevant data may not be available when and where they are needed-at least not for an organization as a whole.
There is an alternative approach that many of us may have benefited from without necesarily knowing it. The philosophy of the most effective help-desk services may best be summarized by the maxim that when faced with a problem, it is a good idea to find out whether it has happened before. And if it has, to know what solved it last time. The challenge for many businesses is to gather that data and information from multiple sources and to weight the response to take into account the person making the request.
For example, the expected answer to the query, "What is the efficiency of equipment XYZ?" may differ depending on whether the chief accountant or the technical manager asked the question. The answer would also have to use data from many sources. Because the integration of the existing databases into one single repository is usually not desirable for cost and technical reasons, an alternative is to federate them.
In 1996, groups in France, Norway and Italy-including Norsk Hydro and Schlumberger-embarked on the NOEMIE project, which has European Union support. 9 NOEMIE uses data-mining (DM) techniques-using search engines-to extract data from multiple sources. Then it uses case-based reasoning (CBR) methods to orient the way in which the data are handled according to who makes the query.
Using data delivered from several databases by the DM process, CBR compares the user's current problem with previous specific situations-or cases-stored in an experience base. This experience base also provides the necessary general information-concept hierarchies, relationships, associations and decision rules-needed to deliver the response. Between the user and the CBR stage, a further interface relates the process to the user's situation, orienting the response to user needs (above). 
Generic databases
Company databases
Data Mining
Case-Based Reasoning sData mining enables the grouping of scattered and apparently independent data into classes or clusters based on some similarities. Case-based reasoning then provides a "usercentered" view, attempting to link a user's current situation to previous similar situations, from which the data and information relevant to the user's problem may be identified.
To assess the feasibility of the methodology, the NOEMIE team is building a demonstrator that incorporates existing methods for each part of the chain. The project is expected to be completed in 1999. Because one of the end users involved is Norsk Hydro, one pilot project is concentrating on events that have a negative influence on safety, production reliability, and the cost of repairs to oil and gas production facilities. The type of subjects addressed range from the specific, "How to improve a specific failure-prone unit or component," to the general, "How to optimize the layout of a new production platform."
When an unwanted event has occurred, a decision needs to be made by management on how to reduce the likelihood of or prevent such incidents in the future. To make this decision, all cases with similar characteristics need to be located with NOEMIE, and the parameters describing those events used as a guide for resolving the current situation (right). Such incidents will then become cases in the NOEMIE experience database and be available to aid future decision-making.
The NOEMIE database aims to resolve the unsorted nature of data and information delivered by search engines, through an automated case-based approach. An alternative is to create a network of companywide experts to assess, filter and order the data and information delivered by search engines and other sources.
This approach has been adopted by the Schlumberger Technology Watch (TW) program, designed to harness external knowledge and to include all available technology into new products and services. The aim is to shorten the product development cycle by enabling in-house research and development effort to concentrate on core competencies.
The TW program also leverages external databases and information feeds. To avoid information overload, a filtering agent-the refinery-was developed. The refinery uploads information from relevant sources, such as Petroleum Abstracts and the US patent database, and indexes it. Anyone in the company can subscribe to existing profiles of interest or create his or her own to receive an e-mail alert when new information is available. This decentralized management reduces to a minimum the administration of the system.
An example of TW in action is the delivery of improved downhole battery technology. Development costs for new batteries is high, while time to market may be long. Due to the oilfield market's low volume, battery vendors do not tend to be interested in customization. Using TW, the state-of-the-art of battery technology was determined and the role of existing packaging challenged. While surveying battery technology, Marvin Milewits, senior development engineer with the Schlumberger Perforating & Testing Center (SPT) in Rosharon, Texas, met with representatives of a relatively small technology company. Development of a long-term relationship with this company helped SPT to design battery cells that are adapted to some of the most stringent requirements in size, shape and temperature.
Access to key vendor expertise proved valuable in implementing new chemistry for the cells and in experimenting with shapes better adapted to downhole tools. By leveraging outside resources, SPT was able to concentrate on internal requirements, such as proximity to the drillstring for measurements-while-drilling tools, temperature and longevity for drillstem test measurements.
Corporate Knowledge: Retention and Delivery
In the NOEMIE and TW cases described here, attempts are being made to organize and integrate information and data using experience, memory and insight, which was our definition for knowledge creation at the start of this article. The techniques point to a relatively new application for IT-often described as knowledge management. But as we have seen, such techniques may vary from essentially automatic systems that border on artificial intelligence to those that require a high degree of human intervention.
For its part, BP defines knowledge management as an attempt to recognize what is an essentially human asset, and to turn it into an organizational asset that may be accessed and used by a broader set of individuals on whose decisions its assets depend. sNOEMIE cases. In order to make this search possible and efficient, a past case needs to be described by a set of generic attributes related to the problem. This example lists attributes describing an unwanted event on a platform. Building on the successful introduction of virtual teamworking, BP is now strengthening its abilities in both knowledge capture and knowledge transfer. In practice, this means discovering in a systematic way what and where the knowledge is, making specific knowledge visible, capturing experience and creating the knowledge products people want to use.
This has led to a number of projects. Many BP Exploration assets and interest groups have established home pages on the BPWeb. These home pages are designed as living documents to provide up-to-date information. In some cases, detailed descriptions of staff competencies have been included. These entries may be interrogated by search engines to discover the best source of key know-how when it is needed. In the long term, every graduate-entry employee will build and maintain his or her personal home page. This will reinforce personal responsibility for knowledge management.
Also on the Web is the Einstein page. This provides contemporary information about BP experience and training opportunities. It aims to accelerate the learning process by ensuring that staff members have access to the necessary training resources, including computer-based material for learning at a distance.
Moving forward, BP has a number of projects now in the pipeline. For example, one scheme recognizes the changing expectations regarding employee mobility and is seeking to change the traditional oilfield pattern and move more work to people, rather than the opposite. Although, some jobs have to be carried out on the spot, more work may be carried out by fully effective sub-teams, located remotely from a project. Work is now under way to optimize this approach.
Like every other operator, BP Exploration strives to reduce drilling costs and is seeking to accelerate the speed of learning from one well to another. The stakes are high as drilling often makes up the lion's share of development costs. To enhance learning between wells, the company is using video clips of the drilling team distributed around the company on CD-ROM. Immediately after completing the well, team members record what they did and, more importantly, what they would do differently. These CD recordings are facilitated and edited by a professional producer.
In fact, this idea is borrowed from the US Army, which has developed techniques to retain experience. After every major training exercise or operation, the unit involved immediately holds an after-action review. Held on location if necessary, this systematic, facilitated process is designed to review what was supposed to happen, what did happen, why there were differences and who did what. The actions of commanders, specialists and soldiers are all exposed.
Of course, propagating this acquired knowledge by CD-ROM is just one technique. Another element in enhancing learning is real-time accessibility to previous experience. To improve drilling performance, researchers in Schlumberger Cambridge Research, Cambridge, England, have built an experimental, Web-based system to diagnosis the causes of stuck pipe during drilling and then to suggest remedies.
Stuck pipe was chosen because, in addition to there being an urgent need to reduce the number of toolstrings that are lost in hole, there already exists an industryaccepted database on how to map stuckpipe decisions. 10 Using this database as a starting point, researchers have built a prototype that interactively interrogates the user about what may be observedfor example, standpipe pressure trends, changes in overpull and the type of shale observed on the shakers. The system stores a number of representative cases, and uses them to determine the likelihood of various types of sticking mechanism-such as differential sticking or key seating. Based on the observations input by the user, the system displays the probabilities of various mechanisms causing the problem. The greater the number of observations, the better refined the predictions of the model will be.
More cases will be stored as they are experienced, allowing a local knowledge base to be developed. And, by following up case studies, the decision map may be refined. This system will be used to ensure more accurate diagnosis, for better early warning and improved training (next page). In short, it will accelerate the learning curve. It is then planned that the local experience be fed back to form a global knowledge base. This resource will enable drillers in new areas to more quickly solve stuckpipe problems.
The system will not stop at just one aspect of drilling. It will also be linked to downhole measurements, drilling parameters and other elements of the drilling process, offering a web-based, cross-platform drilling knowledge base at the drill floor. Progress in delivering state-of-the-art knowledge globally will then have been made. Attempts are being made to organize and integrate information and data using experience, memory and insight.
Push Me-Pull You
Because IT improves communications, the opportunities for experts to collaborate across international boundaries have dramatically increased. The picture of communities of interest forming regardless of geography and company status is one that most people wholeheartedly welcome. However, some reservations have been expressed. For example, a paper published in Science raises an interesting prospect of what it calls the "Balkanization of science." 11 At the heart of this is the notion-which is equally valid for disciplines outside pure science-that limitations on people's time will mean that local contact between people of different specialization decreases as their efforts to communicate within their specialization increases. The possible result is the creation of a series of highly specialized, yet unrelated, communities of interest (next page). One way of avoiding this has been addressed by BP, with attempts to create what it calls "the virtual coffee machine," to encourage random exchanges over its VT sStuck-pipe experience. To improve drilling performance and reduce the incidence of stuck pipe, researchers at Schlumberger Cambridge Research have developed a Webbased system to diagnose the causes of stuck-pipe incidents and to suggest solutions. equipment. In this way people who may otherwise never talk, can meet and find common interest. The geographically dispersed Andrew organization held a virtual meeting every morning and random exchanges were found to be beneficial.
There is also a need to link schemes like NOEMIE-call them the information management approaches-with the newly knowledge-motivated employees of an organization. The objective of these links must be to ensure that the information people need is made available efficiently.
In the beginning there was PUSH technology-applications like e-mail allow the sender to write a message and push it to the persons of choice. Then came PULL technology-people interested in a particular issue may enter a Web page, access a file of interest and pull it to their desktops.
Today, one area of debate centers on what information should be pushed and what pulled. For example, it is possible, using applications like Pointcast, BackWeb, Marimba and other new entries into this market, for individual users to register interest in certain areas, leaving the software to find and present this customized information as required, often in a visually compelling way.
The ability to push information to people's desktops means that some information, such as important computer virus updates or interesting company news, could enjoy widespread distribution. But not all information need go to all employees, and like telexes, faxes and e-mails before, overuse of this technology will reduce its effect. The key lies in finding ways of targeting information to those people who will most benefit from it. In the jargon of our age: contextual push. This ability to target will offer boundless opportunities to better propagate information through organizations. And, as we enter a new millennium, developments in this area will shape the way many of us will receive the information we need. If these developments bear fruit, we will become part of a well-informed work force armed with the tools to boost productivity, improve service quality and gain competitive advantage. To do this, we will require inclusive, comprehensive and easily accessible corporate memories.
-CF A successful hydraulic fracturing treatment has too long been defined as one that was pumped without problems. Rather, the true measure of a successful fracture treatment is increased production or injectivity. 1 The objective is to improve fluid communication between the reservoir and the well. One of the most significant developments in hydraulic fracturing has been the realization that many stimulation treatments might not produce a negative skin or decrease the skin as much as desired. 2 Laboratory testing indicates that unbroken residue from solids-base polymer fluids can plug the pores in the proppant pack. Some of this polymer residue can remain in the well indefinitely, hindering production. 3 The ideal fracturing fluid should show minimal pressure drop in the pipe during placement, have adequate viscosity to carry proppant effectively and degrade after the fracture closes so as not to leave residual material.
From a historical perspective, fracturing fluids have evolved significantly since the first fracture stimulation was performed in 1947. Early stimulation treatments used surplus napalm added to gasoline to create a viscous fluid capable of initiating and propagating a fracture. During the 1950s, viscous oils and gelled oils were the fluids of choice, as it was generally believed that water introduced into oil reservoirs would cause formation damage. With the realization that water did not cause as much damage as originally thought, engineers began pumping water gelled with guar and guar derivatives (linear gelled water) in the 1960s.
As fracturing grew in popularity in the 1970s, wells were also being drilled deeper and hotter formations were encountered. There was an increasing need for fluid viscosities greater than those offered by linear gels. To attain sufficient viscosity and increased thermal stability in higher temperature reservoirs, linear gels were crosslinked with borate, zirconate or titanate ions. 4 In the 1980s, foamed fracturing fluids grew more popular as engineers became more aware of the permeability damage caused by polymeric fluids. The use of foams decreased the amount of guar introduced into the fracture, thereby reducing the amount of residue and, hence, the extent of damage. In a foam fluid, the gas phase typically occupies more than half of the total fluid volume, so less liquid, and hence less guar, is pumped into the well. Foams also enhance cleanup after a fracturing treatment. The liquid volume is lower, and the entrained gas offers significantly more energy to evacuate the fracturing fluid from the well.
The quest for cleaner fluids continued into the 1990s, when advanced breaker technology and lower polymer concentrations became effective tools for reducing and limiting damage from guar. 5 The next step was the development of a polymer-free aqueous fracturing fluid. This fluid is unlike guar or hydroxyethyl cellulose (HEC) fluid systems; rather, it belongs to a new class of fracturing fluids-those based on viscoelastic surfactants. This article discusses the new polymer-free fracturing fluids and, with specific case studies, details how they may be used most effectively to increase well productivity. 
Viscoelastic Surfactant Development
In 1983, The Dow Chemical Company introduced fatty amine quaternary ammonium salts containing alkyl groups longer than C 14 as thickeners in consumer products, such as bleach, liquid dishwashing detergent and topical cosmetics. These viscoelastic surfactants belong to a class of compounds that form micelles in an aqueous system containing certain anions. 6 The deformation of such systems is time dependent; the system acts as a solid unless a sufficient amount of shear has been applied for a certain length of time. When the system deforms, the rheological behavior is nearly Newtonian. A viscoelastic surfactant fluid provides excellent particle suspension. Dowell applied this fluid technology first as a gravel-pack fluid, PERMPAC fluid. The surfactant is added to common completion brines-potassium chloride, ammonium chloride, calcium chloride or calcium bromide-to suspend gravel effectively. The surfactant concentration varies from 2.5 to 6% by volume, depending on the anticipated temperature in the well. The main advantage of this fluid, unlike polymer-base systems such as guar or HEC, is that little residue is left upon breaking. This type of treatment results in a gravel pack with significantly higher conductivity. 7 The principal advantages of viscoelasticsurfactant fluids are ease of preparation, minimal formation damage and high retained permeability in the proppant pack. The fluids are typically prepared by continuous mixing of the surfactant into the brine before it passes through a high-shear blender. The blender provides sufficient shear for complete dispersion of the surfactant and fluid viscosification. Viscoelastic surfactant fluids can also be used in frac pack and in conventional high-permeability fracturing treatments. 8 The original PERMPAC surfactant works well in these applications, but cost and temperature limitations-less than 140°F [60°C]-prevented widespread use in hydraulic fracturing applications. Recent modifications to the chemical structure of the surfactant have reduced the fluid cost and increased the temperature limit to 200°F [93°C], opening the door to hydraulic fracturing applications. 9 The ClearFRAC surfactant is a blend of a quaternary ammonium salt, erucyl bis (2-hydroxyethyl) methyl ammonium chloride (derived from rapeseed oil), with isopropanol. ClearFRAC fluid is a mixture of this surfactant in brine. The preferred brine compositions include 3% by weight of ammonium chloride and 4% by weight of potassium chloride solutions. At temperatures greater than 150°F [66°C], sodium salicylate is added as a stabilizer. The surfactant concentration varies from 0.7 to 4% by volume.
The surfactant molecule consists of a hydrophobic tail that is 22 carbon atoms long. The head group is hydrophilic, and is where the quaternary ammonium group is located. When the surfactant is added to the brine, the surfactant molecules aggregate into structures in which the hydrophobic sMicelle structure. The micellar structure of the viscoelastic surfactant in brine appears rod-shaped or worm-like as the micelles become entangled. The worm-like micelles exceed 100 microns in length and contain several thousand molecules. When the viscoelastic surfactant fluid breaks, the micelles become spherical, with a diameter roughly equal to the width of the rod-shaped micelles. This image was taken with a cryo-transmission electron microscope at the University of Minnesota. Scale tail groups are on the inside, and the hydrophilic groups are on the outside. Such structures are called micelles. In the case of ClearFRAC fluid, the micelles are rodshaped or worm-like (previous page, top ) . If the surfactant concentration is above a critical concentration, the micelles entangle and hinder fluid movement. Such interactions produce the fluid's viscosity. The viscosity of ClearFRAC fluids is broken by two mechanisms: contact with hydrocarbons or dilution by formation water (previous page, bottom). Because one or both of these conditions occur in fractured wells, no additional breaker chemicals are required; however, there are some common additives which can contribute to the break mechanism. Produced oil, condensate or dry gas affects the electrical environment in the fluid, disrupting the micelles. The micelles change shape from rods to spheres, and fluid viscosity is lost because the micelles can no longer become entangled. In the case of formation water, dilution of ClearFRAC fluid reduces the surfactant concentration, and the rod-shaped micelles no longer entangle with one another.
The field application of these fluids has been successful. Present applications include wells in which fracture conductivity or fracture length is important, mobilization of complex mixing equipment is difficult, or situations where cleanup is an overriding concern.
Operationally, the preparation of Clear-FRAC fluids is simple (left). Because no polymer hydration is required, the surfactant concentrate can be metered continuously into the brine for easy mixing. No crosslinkers, breakers or other chemical additives are necessary. The mixing of the fracturing fluid is simplified by elimination of variances due to polymer hydration and breaker effects and the need for extensive metering and pumping systems. Moreover, there is less waste due to elimination of tank bottoms, the unpumpable residual fluid remaining in the bottom of the containers used in batchmixed jobs. 
Equipment and Materials for ClearFRAC Fluids

Fluid-Loss Control
Unlike polymer-base fracturing fluids, ClearFRAC fluid does not form a filter cake as a result of leakoff into the formation. Consequently, the fluid-loss rate is essentially constant with time (left). Also, unlike polymer-base fluids where a lower viscosity aqueous phase enters the formation matrix, leaving most of the solids behind, whole ClearFRAC fluid with full viscosity enters the matrix. At formation permeabilities less than about 5 mD, it is difficult for an elastic, viscous fluid such as ClearFRAC fluid to enter the pore throats. As a result, the leakoff rate of ClearFRAC fluid, with no fluid-loss additives, is less than that of a 20-lbm/1000 gal crosslinked-borate fluid. In high-permeability formations, ClearFRAC fluid is compatible with fluidloss additives, and significant improvements in fracturing fluid efficiency are observed.
Proppant Transport
The conventional guideline for proppant transport is that the viscosity of a fracturing fluid should be at least 100 cp at a shear rate of 100 sec -1 or 50 cp at a shear rate of 170 sec -1 (below left). This guideline was derived from experience with conventional polymer-base fracturing fluids whose rheological behavior generally follows the power-law rheological model. This rule-ofthumb may not apply to ClearFRAC fluid.
Viscoelastic surfactant fluids behave more like Newtonian fluids, with a flatter apparent-viscosity profile across the shear-rate spectrum. This response is different from that of most aqueous-base polymer systems. The viscoelastic surfactant fluid is shear thinning, but its rheology is completely reversible and has no permanent degradation of viscosity when exposed to high-shear conditions. Viscoelastic surfactant fluids provide ample viscosity for proppant transport in the fracture.
At a given surfactant concentration, the viscosity of a ClearFRAC fluid will decrease with temperature (next page, top). This temperature-related thinning can be reduced by increasing the surfactant concentration or adjusting the salt concentration. Unlike conventional polymer systems, however, the viscosity does not degrade with time at a given temperature. Until the fluid is contaminated with hydrocarbons or diluted with formation water, the viscosity will remain stable. sViscosity profile. At high shear rates-above 170 sec -1 -the viscosity of the viscoelastic surfactant fluids is less than that of HEC fluids, giving the viscoelastic surfactant fluids lower friction pressures during pumping.
4% ClearFRAC fluid through brine core 20-lbm/1000 gal borate-crosslinked guar through brine core 4% ClearFRAC fluid through hydrocarbon core 20-lbm/1000 gal borate-crosslinked guar through hydrocarbon core sLeakoff-rate. ClearFRAC fluids have a more predictable leakoff rate than guar-base fluids. In these tests, 1-in. Berea sandstone cores were saturated with either brine or hydrocarbons. Guar-base and ClearFRAC fracturing fluids were pumped through the cores. The collected fluid volume was measured relative to the core pore volume to determine the rate at which each type of fluid leaks off into a formation. The leakoff for ClearFRAC fluids is not drastically different in both hydrocarbon-saturated and brine-saturated cores.
In contrast, the leakoff of guar fluids is affected by the type of fluid in the formation. Thus, fracturing design with ClearFRAC fluids is less complex because the leakoff is more predictable and less affected by the nature of the formation fluids.
The behavior of surfactant-base fluids differs substantially from that of guar-base fluids, and laboratory observation and field experience have suggested that viscoelastic surfactant fluids with viscosities below the conventional guideline are efficient and are capable of placing proppant as per design. These observations led to a series of proppant-transport tests at STIM-LAB, an independent laboratory in Duncan, Oklahoma, USA. ClearFRAC fluids were tested at various flow rates, proppant concentrations and temperatures to correlate fluid properties with proppant transport capability (see "Laboratory Testing," page 27).
Effective proppant transport was demonstrated in a large-scale fracture simulator at fluid viscosities as low as 30 cp at 100 sec -1 . This result was due to the fluid's elasticity and high viscosity at low-shear rates.
The proppant transport tests proved that viscoelastic surfactant fluids provide adequate proppant transport throughout the 75 to 175°F [24 to 79°C] fluid temperature range. Even when small amounts of proppant settling occurred, the perforation area was kept clear at all times, and more than 90% of the proppant remained in suspension throughout the fluid volume. It is important to mention that when a nonviscosified brine/sand slurry is pumped through the slot, the sand immediately drops and plugs the perforation.
The tests demonstrated that the conventional viscosity versus proppant transport guideline derived for polymer-base fluids may not apply to ClearFRAC fluids. At ambient temperature, a 42-cp fluid provided excellent proppant transport (no apparent sand settling), yet at 175°F, a 100-cp fluid allowed some sand to settle. A better guideline might be to use the minimum concentrations that were empirically estimated during this experimental program (left).
Fluid viscosity, as calculated by the powerlaw model, does not adequately predict the proppant transport capability of ClearFRAC fluids. Further work is needed to determine rheological parameters that better describe the proppant transport behavior of ClearFRAC fluids. Initial experimental work at ambient temperature and pressure showed that stable foams with a half-life-the time at which half of the liquid phase has separatedexceeding 12 hr could be obtained with ClearFRAC fluids containing only the surfactant itself as the foaming agent.
To determine the suitability of ClearFRAC foams for use in the field, it was necessary to conduct experiments to quantify their stability and rheological behavior at elevated temperature and pressure. The initial tests were conducted with the SCR test apparatus, which uses a heated syringe pump to feed the liquid phase into a foam generator. A nitrogen bottle with a digital flow controller feeds the gas into the foam generator At STIM-LAB, the rheological behavior of ClearFRAC foams was tested with base fluids containing 0.2 to 3.0% ClearFRAC surfactant. At a fluid temperature of 75°F, the rheological behavior of ClearFRAC foams was evaluated at various concentrations and foam qualities (next page). In most cases, the maximum viscosity was achieved at a foam quality of approximately 80%. The finest and most uniform texture was observed at a 70% foam quality. There is little apparent morphological difference between the foams prepared from different brine compositions.
The results of these experiments showed that ClearFRAC surfactant is an excellent foaming agent in its own right, and no additional surfactants are necessary to produce stable foamed fracturing fluids from 50 to 90% quality up to a temperature of at least 175°F. In addition, in the 70 to 80% quality range, viscosities far greater than those of the base fluids can be attained. This effect reduces the surfactant concentration required to prepare useful ClearFRAC fluids.
These findings have been borne out by a successful series of more than 100 experimental foamed fracturing treatments in Canada and Kansas, USA. Use of nitrogen or carbon dioxide to prepare energizedless than 52% foam quality-or true foamed ClearFrac fluids with foam quality greater than 52% has been established.
To date, nearly all of the foamed ClearFRAC jobs have used ammonium chloride as the brine salt, partly due to the low foam viscosities at low temperatures observed in the laboratory experiments.
In Canada, ammonium nitrate is now used as the brine component in many wells. Most of the spent fracturing fluid is disposed of by landfarming, so brines with chlorides must be carefully monitored to remain within environmental limits. Because ammonium nitrate is a fertilizer, landfarming these brines is advantageous to the environment. 
Fracturing Fluid Flowback
To maximize well productivity, it is essential to maximize fracture cleanup. Polymer residues that stay in the fracture contribute significantly to a lowered proppant-pack permeability, leading to a loss in treatment effectiveness. Even a small amount of porosity loss can cause major loss in retained permeability. 10 Parameters such as types and concentrations of gelling agent, crosslinker, breaker, reservoir temperature, flowback rate and shutdown time can affect the degree of permeability damage. To understand the relationship of these parameters to fracture cleanup, quantification of the polymer in the flowback fluid is crucial. 11 A basic assumption is that a cleaner fracture will produce reservoir fluids at a higher rate. But how is fracture cleanup related to production? A reasonable analysis is that a given mass of returned polymer produces a given volume of pore space available for flow in the proppant pack. Therefore, under equivalent reservoir conditions, a direct relationship should exist between returned polymer and production. The conventional method of quantifying cleanup from a hydraulic fracture has been to report loadwater recovery. This amount may be affected by produced formation water, and hence may be inaccurate. Instead, a colorimetric method that involves a phenol-sulfuric acid reaction is used to accurately test the returned fluids for guar or HEC. 12 Analysis of the fracturing fluid returned to the surface after hydraulic fracturing indicates that only 35 to 45% of the guar-base polymer that is pumped during the treatment flows back out of the well during the 1-to 10-day flowback period (below). The remaining polymer stays in the fracture and decreases well productivity. Thus, there is a need for a fracturing fluid that can be brought back to the surface more efficiently.
One method of assessing damage involves core-flow tests. Leakoff tests were conducted on 12-in. [30-cm] Berea sandstone cores at a differential pressure of 1000 psi [6890 kPa]. Two core permeabilities were tested: 230 mD and 1000 mD. The cores were flooded with 40-lbm/1000 gal boratecrosslinked guar, an 80-lbm/1000 gal HEC polymer and 4% ClearFRAC solution, respectively (next page, top). After the leakoff test, the cores were left in a fluid-loss cell, and brine was injected in the opposite direction. Steady flow rates were reached to determine the retained permeabilities. In the core flooded with ClearFRAC fluid, flow began immediately as the brine diluted and broke the fluid. The guar-and HEC-flooded cores had significantly lower permeabilities, even after 24 hr of cleanup. These coreflood tests clearly indicate that polymer residues can decrease the core permeability.
When wells treated with ClearFRAC fluid are initially flowed back, the tail of the slurry may still have significant viscosity if it has not yet contacted hydrocarbons or formation water. To help clean up the fracturing fluid during the initial flowback, especially in underpressured reservoirs, small amounts of some polar organic compounds can be added to the tail slurry to accelerate breakdown. Used in conjunction with proper flowback techniques, this procedure can minimize or eliminate early sand production. 13 
Shallow Gas Foam Fractures
In September 1996, PanCanadian Petroleum Ltd. conducted a field test of the ClearFRAC system in 10 wells in a shallow gas field in the Princess East field in Brooks, Alberta, Canada. Like many stimulated wells, these wells were in poor-quality reservoir areas. Five wells were fractured with this fluid, and five were fractured with a low-guar system as a control. Each well had four formations treated. These low-pressure gas wells were fractured with foamed ClearFRAC fluid; the nitrogen in the foam provided the energy to assist the wells back to production and improve cleanup. The wells treated with ClearFRAC fluid flowed back a greater volume of fracturing fluid-based on fluid volumes and colorimetric analysis-than did the control wells. This improved initial Texas   ETX04  ETX01  ETX02  ETX03  ETX05  ETX10  ETX08  ETX06  ETX07  ETX09  CO-H  CO-A  CO-F  CO-I  CO-K  CO-E  CO-L  CO-C  CO-J  CO-B  CO-G  CO-D  STX01  STX02  STX03  STX04  STX05  STX06  STX07  CTX07  CTX08  CTX01  CTX02  CTX03  CTX04 sFlowback analysis. An analysis of 150 hydraulic fracturing treatments in the USA shows an average return of 35 to 45% of the polymer pumped. The large volume of polymer residue remaining in the fracture could impede fluid flow into the well. cleanup and flowback of the fracturing fluid are believed to have contributed to higher production rates. An initial comparison of well production during the first few months following the fracture stimulations was impossible because fluid from all zones in each well and from all the wells were commingled into a common pipeline and not monitored individually. From June through August 1997, PanCanadian conducted flow-prover tests on these wells to quantify the longterm differences in production attributable to the different fracturing fluids.
Before the wells were tested, each was cleaned out with coiled tubing to remove any water and sand fill. The formations in this part of the Princess East gas field are of poor quality; hence, overall production per well is low. In addition, the wells tend to load with water over time if water is present, as was the case here. The gas rates for each group of five wells were plotted during the test period (below right).
The results were encouraging. A year later, the wells treated with ClearFRAC fluid still averaged about 9 to 10% more production. The curves converged slightly after one month as certain wells had water loading and slugging. It is possible that the quality of the reservoirs in the specific wells may account for the incremental production; however, statistical averaging of the 20 zones in each group of wells in the same area indicates this cause is unlikely. Assuming an average rate difference of 500 scm/d [17 Mscf/D] for the five wells over timenot integrated for specific decline curves but taken from the cumulative difference during the first 51 days of the test shown in the figure-ClearFRAC wells produced a cumulative volume of 150,000 m 3 [5300 Mscf] more than the control wells. The incremental revenue may be small from these lowproducing wells, but the favorable trend has caused PanCanadian to analyze the potential long-term production improvement in other wells in Brooks and Drumheller, Alberta, with 500 to 600 wells slated for ClearFRAC treatments next year.
Acid Fractures
Several cases involving acid fractures illustrate the importance of using a nondamaging fracturing fluid. Imperial Oil Resources Limited's Norman Wells field is an oil field now under waterflood in the Northwest Territories, Canada. The field has 325 wells-166 producers and 159 injectors arranged in a five-spot pattern on six man-made and three natural islands in the Mackenzie River. The field's economic life is expected to run through the year 2010. At present, some areas of the field are marginally profitable, and a solution is needed to improve recovery rate.
The formation is the Kee Scarp, a micritic limestone with natural fractures, vertical and horizontal, induced by the tectonics of the mountain ranges on both sides of the river.
Because the overburden stress is the least principal stress, any induced fracture will be horizontal, not vertical. Thus, to increase production, each low-rate layer in each well has to be treated. . The permeability is typically greater at the top of the reservoir and decreases with depth. Average formation permeability is 4 mD, but there are few data on vertical permeability. The higher permeability layers at the top of the Kee Scarp do not require stimulation because many are already producing with increasing water cuts within expected production rates. Historically, stimulation of the producers in the Norman Wells field has involved selective acid treatments, and more recently, foam-diversion acidizing treatments. Neither technique has yielded consistent results on the producers, although the foam-diversion acidizing treatments have had excellent results on the injectors. A side effect of the early acid treatments has been a weakening or loss of wellbore isolation between layers. Thus, to induce a fracture in lower layers, a remedial isolation strategy was needed.
Acid-fracturing treatments were done in the past with no attempt to direct the induced fracture into the lower permeability layers. Thus, the fractures went into the top of the zone, with no increase in production. The treatments pumped 50 to 100 m 3 [13,000 to 26,000 gal] of fluid and had expected fracture lengths of about 50 m [164 ft]. The only net result directly attributable to these treatments, however, was accelerated water breakthrough. At this point, it was determined that the only way to increase production in the poorer performing wells was with a small induced fracture, 10 to 15 m [33 to 49 ft], directed at the tighter permeability zones.
The isolation problem was solved, and an initial fracturing program was proposed with alternating stages of a low-pH guar gel, for fluid leakoff control, with 25 m 3 [6600 gal] of 15% hydrochloric acid. This gel system was selected because of its compatibility with acid at low temperature and its ease of preparation, with minimal manpower and equipment. A crosslinked guar was deemed better for leakoff control than gelled acid because the bottomhole temperature in these wells was below or at the minimum recommended for these fluids. One of the main concerns in using a guar-base fluid was suspected loss of whole polymer into secondary fissures and fractures and the inability to recover this fluid. Unrecovered polymer could remain in these pathways, thereby limiting production.
ClearFRAC fluid became available at the beginning of the stimulation program in the field. The fracturing fluid system was changed because the viscoelastic surfactant fluid is easy to mix, fracturing fluid viscosity can be altered simply by changing surfactant concentration, crosslinking times are not an issue, and no breakers or extra chemicals are needed. A viscoelastic surfactant fluid was most desirable because it would not plug the secondary fissures and fractures.
The first treatment was on a well in the southeast end of the field where the wells intersect the lower, tighter layers of the Kee Scarp. The ClearFRAC fluid was mixed in a 4% potassium chloride brine. The treatment called for alternating pads of ClearFRAC fluid and acid, followed by an overdisplacement with brine. A DataFRAC analysis indicated the pad volumes of ClearFRAC fluid could be reduced by 60% from the original design because of a low leakoff rate. It is not known whether the low leakoff rate was a local formation phenomenon or a property of the viscoelastic surfactant fluid, because the original leakoff rates were determined from matrix treatments using gel-base fluids in other parts of the reservoir.
In total, seven fracturing treatments with staged ClearFRAC fluid and acid were done on three wells. The production results so far are encouraging (left). In all three wells, oil flowed to surface within 30% of the recovered injected volume with no signs of emulsion or other fluid incompatibility problems. If a polymer fluid had been used, with little fluid returned, there would be the potential for a large amount of unrecovered polymer to plug the secondary fractures and fissures and impede production.
Frac Packing
Hydraulic fracturing has long been considered a stimulation treatment for low-permeability formations in hard-rock areas. In these treatments, the goal is to create a long, thin fracture with a large surface area. Fracture half-lengths, or wings, can reach 500 to 1000 ft [150 to 300 m] and have widths in tenths of an inch or less.
In contrast, frac packs typically have short wing lengths of 10 to 50 ft [3 to 15 m] and fracture widths of 1 to 2 in. [3 to 5 cm]. A frac pack, or STIMPAC treatment, is a fracture created using high-viscosity fluid, pumped above fracture pressure, to place sand outside the annulus between the casing and downhole screen and a short distance into the formation. The aim is to create a high-conductivity sand pack extending a sufficient distance from the wellbore, beyond any wellbore damage, to create a conduit for the flow of reservoir fluids at lower pressure differentials. 14 In late 1991, Dowell and BP Exploration performed the first true frac pack in the Gulf of Mexico. 15 Since then, the incidence of frac packing has skyrocketed, with some 600 frac-pack treatments conducted last year out of roughly 1200 sand-control completions in the Gulf. The trend is continuing as more operators are considering frac packs in areas that were once gravel packed.
Frac packs are ideal completion techniques to bypass formation damage. Many mechanisms can cause wellbore damagecrushing due to stress, fluid and solids invasion during drilling, perforating damage, fines migration or precipitation of paraffin or scale. Some of this damage is stress induced and, therefore, may not be uniform around the wellbore. Only a few of these damage mechanisms can be corrected with acid treatments. Because the damage is often nonuniform, flow into the wellbore may not be equal in all directions. Even a perfect gravel pack will produce through less than 100% of the available flow area in such cases. Radial flow toward the wellbore causes higher velocities and pressure drops adjacent to the well (above). These high rates and pressure drops can cause formation minerals to become mobile and bridge near the wellbore, in the perforation tunnels, or in the annular gravel-pack region. This damage, along with declining reservoir pressure, causes production from gravel-packed wells to decline over time. As wells age, operators often open the wells up, increasing drawdown to maintain production; however, such actions also increase fines migration and damage. A frac pack addresses these problems by creating a conduit perpendicular to the minimum principal stress, extending beyond any near-wellbore damage. The flow area into the wellbore increases, reducing pressure drop and fluid velocities in the formation, thereby eliminating the causes of fines migration. Formation fluids establish a somewhat bilinear flow at lower velocities (right). The key property of the fracture is that it must be highly conductive.
Perhaps the most critical factor to ensure future production in a frac pack is keeping the proppant pack clean. With polymer fracturing fluids, polymer residue can be significant on the small fracture face in a frac-pack completion. At the end of a treatment, as the formation begins to close, a polymer fluid will have no place to go but into the formation. The fluid leaks off into the formation, and the polymer residue can become highly concentrated as a filter cake. Part of this problem can be mitigated by using greater concentrations of breakers or encapsulated breakers, which are crushed by the closing formation and release the breaker in the appropriate location. These mechanisms work well, but are still imperfect. 16 Some estimates put the efficiency of these breakers at less than 50%. The breaker itself could leak off into the formation, bypassing dehydrated polymer.
HEC has often been used as a frac-pack fluid because of its small particle size. The disadvantage, however, is that too much polymer is needed to create the viscosity to fracture high-permeability zones; a viscous polymer membrane may form and require high volumes of breakers. Boratecrosslinked low-guar systems are used in many frac packs worldwide, especially where temperatures exceed 200°F. The use of crosslinked fluids cut frac-pack costs and expanded use of the technique. The fluids, however, can still produce a positive skin factor in the completion. Viscoelastic surfactant fluids are particle free and behave like linear fluids, making them ideal for frac-pack operations. Viscoelastic fluids typically have lower fluid efficiency than normal fracturing fluids, but, in this application, that is a desirable feature. 17 Viscoelastic surfactant fluids have a nearly constant leakoff response to pressure. In addition to being solids free and nondamaging, viscoelastic surfactant fluids have advantages over crosslinked polymers in the way they propagate fractures.
As the viscoelastic surfactant fluid is pumped, much of it leaks off into the formation. The viscosity of the remaining fluid produces drag forces on the rock, initiating the fracture. With a fluid that does not build a filter cake, the rate required to create a fracture can be calculated from Darcy's law. The main factors that control this fracturing rate are the kh product, injected fluid viscosity, fracturing pressure and reservoir pressure. 18 Of these, only the injected fluid viscosity can be controlled, unless a fluid-loss agent is used-thereby reducing the kh product by decreasing the permeability. The fluid leakoff limits the length of fracture that can be created, but it affects the job cost if large volumes of fluid leak off. The fracture is created by a volume of fracturing fluid that does not contain proppant. Once the proppant-laden slurry reaches the tip of the fracture, it bridges off and the fracture can no longer increase in length. Proppant at the top and bottom similarly prevent height growth. This situation is called a tip screenout. Further pumping causes the fracture to balloon or widen. In soft rock, the fracture width can increase four to six times with this technique.
An interesting application of ClearFRAC fluids is in the treatment of selective completions. In the spring of 1996, Phillips Petroleum Company performed two frac packs in a well in the High Island area in the Gulf of Mexico. The lower gas sand was completed with a crosslinked-guar fluid system, and the selective zone above was completed with ClearFRAC fluid because the frac pack was to be left behind pipe until the lower zone was depleted. Phillips did not plan to flow back the fracture immediately for cleanup; hence, a polymer fluid system might undergo severe dehydration and damage the formation over time. The ClearFRAC fluid remains in place and breaks over time as it contacts the formation gas. When the selective zone is produced at some point in the future, it should flow back as if it had just been fractured.
Fracturing for Water Control
Frac packing with ClearFRAC fluid has another advantage-the capability to fracture near but not into water zones. The leakoff rate of the viscoelastic surfactant fluid helps prevent the fracture from growing up or down, possibly contacting nearby water zones. In certain applications, a typical guar-fluid frac pack might break down the formation being treated, allowing the fracture to propagate downward directly into an underlying water zone, accelerating water production. The predictable leakoff characteristics of viscoelastic surfactant fluids make them the fluids of choice in these operations. Once a tip screenout is achieved, the frac will widen rather than increase vertically into the water zone.
Coastal Oil & Gas Corp., like many operators in the Gulf of Mexico, has changed its completion practices from gravel packing to frac packing. Frac packing is the completion of choice for high-permeability wells that may have potential sand-control problems, drilling-induced formation damage, fines migration problems, perforation damage, or other borehole damage. A typical frac pack accesses the formation beyond these damaged zones. Coastal's frac-pack completions have held up over time, requiring less remedial work than offset gravelpack completions.
Coastal has been completing wells with frac packs at a rate of one or two per month during 1997 and has had six wells stimulated with ClearFRAC fluid. The reasons for using ClearFRAC fluid instead of a guar fluid include the capability of fracturing without hitting water zones, a shortened cleanup time and a cleaner fracture. 
XX100
Perforated interval XX075 to XX097 ft Gas-water contact XX110 ft Gas zones XX200 sFracturing above a water zone. This gas well in the High Island area in the Gulf of Mexico was a perfect candidate for a ClearFRAC stimulation. The gas zone from XX072 to XX110 ft sat directly atop a water zone from XX110 to XX160 ft. A frac pack was carefully pumped through the perforated interval from XX075 to XX097 ft to bypass wellbore damage yet stay above the gas-water contact.
In a High Island area well located offshore Louisiana, Coastal encountered a 36-ft [11-m] gas zone overlying a 50-ft [15-m] water zone (previous page). Many operators would have perforated the upper section of the gas zone, performed a gravel-pack completion and flowed the well at reduced drawdown to stave off water coning.
The well was perforated underbalanced with tubing-conveyed perforating guns, 13 ft [4 m] above the gas-water contact. The screen and packer assembly were then picked up and run in the well. The packer was set, and the pipe was pickled. A DataFRAC analysis was performed to determine the optimum pumping schedule design based on closure pressure and leakoff coefficients. Pumping time for the treatment was about half an hour (top).
The pumping operation was successful (above). Based on bottomhole pressure data and computer simulation results, the final frac pack was estimated to have a 30-ft [9-m] half-length and 1.5-in. [4-cm] width. The well was flowed back at moderate rates that were increased hourly until reaching anticipated production rates about 12 hr later. The well flowed back normal amounts of sand and load water and appeared to clean up properly as the gas contacted and broke down the ClearFRAC fluid. The well was then shut in as the rig was skidded to the next slot, and production resumed several days later. Initial production rates averaged 11 MMscf/D [300,000 scm/d] of gas and 300 BOPD [48 m 3 /d] with only trace amounts of water.
The frac pack successfully avoided the water zone. A comparison of the production to offset wells is difficult and potentially inaccurate due to the extremely faulted nature of the producing reservoir, however. On this well, the frac-pack treatment was slightly more costly than for a guar fluid. The total cost to drill and complete the well was more than $3 million. Coastal felt the cost difference for the fluid was minor, given the ability of the ClearFRAC fluid to ensure a clean frac pack above the water zone.
Looking Ahead
ClearFRAC fluid was commercialized on May 12, 1997. As of November 1997, more than 400 ClearFRAC jobs had been pumped in the USA and Canada. At present, use of ClearFRAC fluid is highest in Canada, followed by the Gulf of Mexico and then the eastern USA.
The two largest hurdles for ClearFRAC fluid to overcome are its upper temperature limitation and cost relative to guar fluids. The upper temperature limit for ClearFRAC fluids is 200°F, but research is under way to increase the temperature range.
The higher chemical cost of ClearFRAC surfactant increases the total cost of a fracture treatment by some 5 to 20% on small treatments, such as frac packs and jobs with less than a few hundred thousand pounds of proppant placed. Reducing the cost of the surfactant will increase the population of wells where the application of ClearFRAC technology is economically feasible. To address this cost issue, research is also in progress to increase the efficiency of the current surfactant and to develop less expensive second-generation surfactants.
-KR A revolution in the relationships between oil and gas companies and service companies is well under way, as evidenced by the recent explosive growth in alliances and partnerships. Following on the heels of E&P industry restructuring, current oilfield economics and this new business relationship environment are motivating operators to outsource more to the service sector (see "Changing Business Relationships," page 37). Obviously, much has changed over the past decade. Some oil and gas companies used to own drilling rigs and operate seismic vessels-practices that have all but disappeared. Former models for conducting business have been scrutinized and replaced by proactive approaches that are based on teamwork.
Many oil and gas companies have reorganized for greater efficiency and profitability while, at the same time, redefining core competencies they wish to retain-evaluating prospects, selecting the most attractive candidates, negotiating the most favorable lease terms and managing the long-term investment risk associated with field development. Noncore activities are being contracted to the service sector, including greater responsibility for field operations and an expanded role in the development and application of new technology.
In response, some major service companies have also restructured to meet this expanded role and the growing client demand for project management expertise. This move has led to the formation of dedicated organizations that can manage the integrated services and technologies required for complex field developments.
As demand for oil and gas continues to increase, there is a greater focus on new approaches to field development and improved management of producing fields with new technologies. Extending the life of existing reservoirs and increasing ultimate oil and gas recovery are part of the quest for higher efficiency. Under current economic conditions, the development of even marginal fields is a growing requirement.
Today, operators are turning to engineered integrated solutions to drill wells and produce hydrocarbon resources more costeffectively. The scope of work, organization and location of integrated projects vary widely. At one end of the spectrum, an independent operator may require a single project manager and wellsite supervisor from a service company, for a few months, to coordinate the services required to drill shallow onshore wells.
At the other extreme, there are large, fully integrated, multiyear project alliances to drill, complete and tie-back multiple extended-reach offshore wells, and deliver the oil to a tanker for a consortium of major operators. Recently awarded contracts go far beyond well construction, with scopes of work that include production and life-offield operations. The bottom line is that ser-vice companies must be able to provide the solutions requested by operators, and must also be structured to pull together the integrated team necessary for project implementation (right).
The consequences for service companies are numerous. The major players have an increasing need for project design and engineering resources, a wider scope of expertise, and a reliable and efficient integrated quality, health, safety and environmental (QHSE) management system. Oil and gas companies must have confidence in the ability of service companies to deliver costeffective solutions that are environmentally sound, with a guarantee of technical integrity and personal security and safety.
There are several key factors to successful alliances and partnerships. First, there is a spirit of teamwork and mutual trust established through alignment, shared benefits and adoption of risk and reward incentives. Second, there are clearly defined, mutually agreed-upon objectives that lead to improved operational efficiency and productivity. Finally, to achieve these goals, the optimal technological solutions for each project must be selected and implemented. This new way of doing business has brought many players into the arena, including several of the larger service companies, such as Halliburton Energy Services, Baker-Hughes INTEQ, Dresser DDPS and Schlumberger.
The Schlumberger Integrated Project Management (IPM) organization was established in 1995. 1 This new model of business integration originally began with a focus on well construction, mainly drilling services packages. Today, projects are often extended to include well managementcompletion, production monitoring and maintenance-finally leading to field development-reservoir study, development planning, production facilities, drilling and well completion (next page).
The IPM charter is to provide clients with project management and well engineering expertise and the optimum technology for integrated projects to jointly create greater value in an environmentally responsible manner. Defining the added value and benefits of an integrated approach is a key issue. Overhead and headcount reduction through outsourcing, in many cases, has been the primary efficiency driver and still may be for some operators. However, many clients have discovered that integration has gone beyond this, bringing closer communication and cooperation with service companies. The positive outcomes are better access to technology, teamwork and an alliance spirit, with mutually-agreed objectives.
IPM is a business, but it is a business built on processes. These processes are the structural elements that glue the complex organizational and technical factors necessary for integrated services together. At every level, management commitment is the cornerstone of each process. The five key components that make up the fundamental processes of this business structure are:
• commitment at all levels • QHSE systems • training • information technology • management tools. Success requires the integration of a number of functions and tools-an experienced, well-trained staff of specialists both from within and outside the service sector, forward-looking recruiting and training practices, as well as supporting software and management systems for QHSE. Merging all these functions from scratch is a difficult task that requires investment and commitment from the top levels of company management.
IPM teams are a diverse mix of people from many cultural and oilfield professional backgrounds, some with years of industry experience from oil and gas companies or oilfield service companies. Many are recent sEvolution of the business environment. In a traditional relationship, a service company supplies products or services to the oil and gas company (left). An alliance is a long-term relationship between an operator and a service company and there is close cooperation between the two to develop shared objectives (left center). An integrated services contract combines expertise from several service companies to work as a team on one project (right center). In an integrated project management alliance, oil and gas companies ally with service companies to remove barriers that inhibit full cooperation, sharing objectives and appropriate risk-reward incentives (right). These alignments give the integrated team access to best-in-class technology and the ability to apply solutions early in a project.
engineering graduates from leading universities worldwide, who have successfully completed a rigorous 15 to 18 month companysponsored postgraduate training program. In this article, we discuss the roles played by two of the key components of this business structure-QHSE and training. However, the other components are strongly linked. For example, information technology (IT) provides not only the communication systems used for project and QHSE management, but also those for engineer training modules (see "What's in IT for Us," page 2). Three integrated project examples illustrate how operators and service companies have successfully combined their experience, expertise and fit-for-purpose technical solutions to reduce cost, achieve superior results and jointly benefit both parties. Production projects Ev a lu a t i o n E x e c u t io n D e s ig n and pl a n n i n g sThe scope of IPM activities. Oil and gas companies may have different strategies and varying requirements for each project. IPM has developed a flexible approach that accommodates integrated projects from the simplest to the most complex and covers a variety of domains, including well construction, production projects and field development services.
Changing Business Relationships
sManagement systems. The Well Engineering Management System (WEMS) strategy follows a three-phase, auditable DESIGN-EXECUTE-EVALUATE process (right). Each phase is implemented in accordance with Quality Management System (QMS) policies and procedures, and each has a formal review, endorsement and approval process. WEMS is an MS Project software tool that is used to plan well proposals, the field basis of design and individual drilling programs, and to provide data archiving and tracking (below). This gives IPM teams progress reports, audit trails for performance, a learning tool for design optimization and finally, an end-of-well report. sTypical integrated project lines of responsibility. Multiple QHSE interfaces must be managed by the operator, rig contractor, project management company and subcontractors. The operator's wellsite representative often takes on a quality assurance and audit role, rather than the traditional role of day-to-day operations supervision. Ultimate responsibility for key decisions regarding HSE or technical integrity of the wellbore remains with the operator's representative or the rig contractor's offshore manager, depending on the location. The project manager's wellsite supervisor, usually working closely with the rig contractor offshore manager or toolpusher, is charged with day-to-day operations, including overall QHSE management. 
Contractors
QHSE Responsibilities in Integrated Projects
WEMS Display
Building an Integrated Project Management Organization
Planning and organization are critical to building project management structure. Early involvement of all parties assures commitment to the process. IPM has the ability to draw on experts from around the world to create the optimal organization for assisting the operator in designing and implementing a project while, at the same time, bringing in other best-in-class service suppliers and third-party vendors (see "Andrew and Cyrus: Teamwork and Technology in Action," page 40).
While IPM is an independent, stand-alone company within Schlumberger Oilfield Services, it serves the interest of clients first and foremost. Independence of action and the quality of solutions provided are uppermost in this new culture. 2 For example, while there are more than 50 rigs involved in active IPM projects, only 10 of them are from Sedco Forex.
Quality, Health, Safety and Environment
Regardless of the scope, oil and gas companies expect an integrated project management organization to administer the QHSE aspects of a project with the same commitment, resources and long-term vision that they themselves would as the operator. Management systems, such as the Well Engineering Management System (WEMS)-a tool used to ensure operations integritycontain modules that can be applied to quality and HSE risk assessment and management (previous page, top).
To understand the challenge of managing QHSE, particularly for large projects, it is necessary to look at the changing nature of the organization and management interfaces that are involved, especially those at wellsites. Integrated projects vary widely, and no two have exactly the same requirements. However, there is at least one common factor-operators have fewer contractors to manage directly, allowing them to focus attention on their core competencies (see "Remboué, Chauvco's First Gabon Permit, Onstream," page 44).
This contrasts dramatically with past experience when operators contracted directly with as many as 20 to 30 individual service companies during a drilling campaign. With an integrated team, this is often reduced to a maximum of fourdrilling services, the drilling rig, civil engineering and a logistics and transportation team (previous page, bottom). This major change drives the project management company to develop an integrated QHSE management system under the umbrella of the operator's systems, and to link this directly to the systems of the drilling contractor and various subcontractors.
Given these complex interfaces, the project management company cannot organize QHSE on an informal, ad hoc basis. Rather, a formal, well-defined and integrated approach is required (left).
Uppermost in the QHSE management system is management commitment and involvement. The most common cause of fatalities and major lost-time incidents in the oil and gas industry is not a lack of policies or procedures, but a lack of commitment and leadership throughout all levels of the management chain. Unless line managers lead by example and everyone follows established policies and procedures, they have no value. QHSE must be as important as any other business objective.
Balance is crucial and can be achieved by a variety of management tools, including frequent verbal and written communications from executive levels to field managers. Within Schlumberger, QHSE is the first topic in all general management and information meetings. Yearly QHSE objectives are part of an overall management-by-objectives system for all managers.
For wellsite supervisors, an effective QHSE management system should offer two main features. The first is prescriptive rules and guidelines that tell them what to do and what is expected of them in most critical situations. The second is freedom to exercise their expertise and judgment when a situation arises that is not specifically covered by the rules. Again, balance is the key. The greater the volume of policy and procedures, the less frequently they are read, studied and adhered to at the wellsite. Subcontractors QMS/SMS sQHSE management structure. QHSE management in IPM projects uses a two-tiered structure. The upper tier is generic and applies to all projects worldwide; it consists of four major components-management commitment, QHSE policies and procedures, a quality management system (QMS) and SHIELD, the IPM safety management system (SMS). The lower tier contains elements that provide support for the components on the top tier. Each element is tailor-made to fit individual project requirements and consists of project-specific bridging documents to link components from the top tier to individual QHSE management systems, policies and procedures of the operator, drilling contractor, and IPM contractors and subcontractors. IPM has prioritized all QHSE-critical operations from a risk perspective to develop and implement policies and procedures. For the remainder, professional expertise and personal judgment are necessary, founded on a competence-assurance program that is discussed later.
QHSE Management System
A quality management system-Quality as defined by IPM is a process, not just a business. The processes developed by IPM for its Quality Management System (QMS) are based on the The Exploration and Production Forum report, "Guidelines for the Development and Application of HSE Management Systems." 3 Quality management links all aspects of planning, control and improvement into a continuous system for ensuring conformance to established standards (above left). Operators demand that the oilfield project management company guarantee operations integrity, which means demonstrating that potentially significant technical as well as HSE risks that may arise have been identified, and that a quality management system is in place to reduce risks as much as possible.
For a quality management system to be successful, it must be simple and well defined so that it can be effectively communicated to all participants through a comprehensive awareness program and, as a result, become all-pervasive within an organization. To maintain state-of-the-art technical leadership, the entire international community of IPM technical and management employees have access, through global communications and information technology, to a special Well Engineering Management System (WEMS) bulletin board, allowing open electronic discussion of problems and sharing of lessons that are learned (next page, top). Experts within the Schlumberger organization regularly monitor these bulletin boards and become valued contributors, analyzing and resolving problems, and lending assistance when needed.
An essential part of quality management is the Competence Assurance System, which enables project management personnel to meet expanding operator staffing demands (above). The process includes five stepsstaff requisition, recruiting, training, competence assessment and placement. Project requirements lead to staff requisitions and recruiting. Some recruits come from the pool of experienced engineers in the oil industry and other Schlumberger Oilfield Services companies, but most engineers are recent university graduates.
After recruitment, the next phase of the competence assurance process is training, followed by competence assessment. The final phase in this process is placement and performance management. For positions that are critical to HSE, a competence assessment is performed before an employee is placed on the job. Thereafter, performance on the job is managed throughout the year, starting with a job description that defines the function and responsibilities of a position, reporting relationships and standards of competence. Performance is measured against established objectives known by the acronym SMARTspecific, measurable, attainable, realistic and time-bounded. Performance reviews are done quarterly; formal written appraisals are done annually. 
Universities
Oil and gas companies sMeeting the needs for a competent staff. The competence assurance system starts with staffing needs and requisitions from the project, which leads to the recruiting process. New recruits are trained in a company-sponsored and structured postgraduate engineer training program. The competence assessment process assures that engineer trainees learn all the basic skills and tools needed to work effectively in project teams. Throughout an engineer's career, reassessment and continual training are integral to placement and performance management.
An HSE management system-All IPM projects use a safety management system (SMS), called SHIELD, with a framework based on ten major elements found in most commonly used management and audit protocols (below). 4 The goal of this system is to provide project managers and wellsite supervisors with a set of decision-making tools that make HSE an integral part of dayto-day work and reduce risk as much as reasonably practical, while simultaneously allowing them to make decisions based on their own judgment and experience. These tools include an emergency plan and a riskmanagement system. sGlobal communications. A key component of continual improvement in quality management is the ability to communicate information up and down the management chain. This is a common challenge facing all companies, especially those working in multinational environments. All IPM project offices and most wellsites are connected through a global intranet. This network provides full e-mail and Internet capabilities with 24-hour support. The QHSE function maintains a home page on the WorldWide Web where the HSE management system, policies and procedures, HSE alerts and information bulletins are posted and continually updated. 
SHIELD
sTen elements of SHIELD-the IPM HSE management system. Like many other companies, IPM considers health, safety and the environment (HSE) to be as important as other business objectives. It is an IPM objective to be completely proactive so that injury, ill health, and property or environmental damage arising from project activities can be prevented. Under each of the ten elements of the HSE management system, specific responsibilities for each job category are defined to ensure success in meeting this objective. The value of any HSE management system is not the document itself, but in its application on a project. Regular audits are conducted to ensure compliance. Emergency response plan-Every project has an integrated suite of emergency response plans, which build upward from the project to regional offices and headquarters. Plans are updated continually, and drills are held regularly in close coordination with operator personnel.
Risk management system-Risk affects both HSE and the operational integrity of the project, again demonstrating the tight link between quality and HSE (above). Every project also uses the IPM HSE risk management process. The WEMS tool contains a risk-management module that can be adapted to each project.
Corporate-level QHSE management systems cannot possibly take into account worldwide differences in legislation and regulations, the scope of the work of various operators in different countries and on multiple projects, the huge number of different quality and HSE management systems of operators, drilling contractors and integrated project management company contractors and subcontractors, plus countless regional policies and procedures. The answer to this challenge is a specific bridging document at the project level. This document addresses all HSE-critical interfaces, and requires significant upfront time and attention from all 
Risk impact analysis
Elements that make something a risk:
• Uncertainty • Undesirable effect
Risk identification
Mitigation strategy sThe risk management process. Two elements that make something a risk are uncertainty and undesirable effects. During all operations, qualitative risk management is a continuous monitoring and adjustment process. Quantitative risk assessment generally requires the assistance of outside specialists, and is set forth in the operator's scope of work. groups involved (above). Constant effort is required over the course of a project to ensure compliance. This is an essential step to ensure risk reduction, but one that pays big dividends in the final QHSE performance of the project (see "Reducing Drilling Costs and HSE Risks in Ecuador," page 48).
Training
To meet the need for project management resources, a graduate engineer training program provides comprehensive classroom, on-the-job and interactive training. In-house courses currently cover well engineering and production engineering. In the future, a program on reservoir optimization will be added.
Most new IPM project engineers are recent university graduates and require the complete graduate engineer training program that lasts 15 to 18 months (next page, left). Others are experienced industry engineers who are familiar with the technology of well engineering, production or reservoir optimization, but may need to learn the cultural and business aspects of the service company role in project management. Still others, with service company experience, may understand the service company culture, but need to learn many new tools to develop the broad range of skills required for well engineering and production.
Engineers recruited directly from universities undergo a structured training program designed to ensure that they acquire the skills, knowledge and attitudes necessary to perform as well or production engineers and wellsite supervisors (below).
IPM uses a variety of training sources and media, ranging from technical courses at Schlumberger training centers to special courses run by universities and consultants. The full graduate engineer training program is divided into two major phases.
The first phase is an introduction to the petroleum industry. Trainees gain knowledge about industry problems and objectives, and learn the basic tools needed for the job. Graduates without a petroleum engineering background attend a four-week supplementary petroleum engineering course taught at a recognized university-such as the Colorado School of Mines in the USA, Imperial College in London or Ecole Nationale Supérieure du Pétrole et des Moteurs à Combustion Interne (ENSPM) in France. Those with a petroleum engineering background go directly to one of the training centers where they are introduced to company culture, the service company role in integrated projects and the essential elements of IPM-the charter, organization and how IPM differs from other service suppliers (next page, right).
Trainees then enter a six-month, on-thejob training program for well construction and rig-site operations. They acquire experience with critical wellsite operations and spend time working directly with functional operators or crew members at the wellsite, including everyone from drilling supervisors to roughnecks handling drillpipe. Engineer trainees are also exposed to workover operations.
The major objective is not only to learn what is done, but why it is done, in order to acquire a basic understanding of the entire process of well construction. During this period, trainees also assist service companies at the rig site. For example, they may work with wireline engineers rigging up logging tools, calibrating measurements and acquiring and correlating data in the logging unit. They also work with mud engineers mixing chemicals and mud additives and learning about the impact of mud systems on drilling and logging measurements.
Before entering the second phase of training, trainees return to the IPM training center for a well construction project review, and quality and HSE management system training. They concentrate on teamwork and interpersonal skills, as well as synthesizing what has been learned through problem, analysis and solution exercises.
Phase two is also an introduction to the IPM business environment. In this phasehalf-way through the training scheduletrainees make career decisions. Depending • Fitness of purpose of equipment and its modification, maintenance and spare parts
• Health arrangements -vaccinations -medical examination requirements -medical evacuation procedures
• Security arrangements and policies -drugs -alcohol -firearms
Project-Bridging Document Elements
sCritical elements of a project-specific bridging document. Many project and regional factors have a large impact on the project management company's efforts to manage QHSE at the project and wellsite level. To address these complex needs, the project management company must create and supervise a project-specific QHSE bridging document, usually in close cooperation with the operator and drilling contractor. The elements shown here are common to all projects. United Kingdom Offshore Operators' Association (UKOOA) guidelines, for example, provide a good template to customize for individual projects.
sActive involvement. IPM trainee Salil Pande (left) conducts a drilling safety meeting in Oman. Trainees participate in daily activities as a team with the rig crew.
on educational background, personal preferences and available projects, each trainee chooses one of two major programs-well engineering or production engineering. In these programs, trainees continue to develop the skills that were learned in the introductory phase. These courses focus on interactive case studies using IT tools, such as computer-based simulators and CD-ROM self-study training modules. The emphasis is on adding value to projects. For example, trainees work on specific project activities like well design, casing design or hydraulics.
Finally, the trainee is assigned to a specific project team. During this phase, the engineer works much like a physician doing a residency at a hospital-the doctor helps patients while learning and sharpening his or her skills. Similarly, an engineer-in-training adds value to the client's project, performing studies that address problems, implementing the results and contributing to overall project performance. The engineer benefits from personal development and increased confidence and gains job satisfaction from contributing to a project.
Every engineer is assigned an IPM mentor. Senior staff members are recruited to become mentors and trained to appreciate the importance of this role in developing new engineers. Mentors are evaluated on how well their trainees perform.
At the end of the graduate engineer training program, trainees have acquired the basic knowledge inventory, skills and attitudes to work effectively in project teams. At this point, each trainee is reassessed and, if deemed competent and qualified, certified to perform to required standards.
To meet the demand for trained project management personnel, the program is expected to grow dramatically over the next 2 years (page 49).
The next four to five years of an engineer's career, spent working on projects, are still considered development years. Here, the engineer continues professional development through courses designed to improve technical and on-the-job skills. After this period, some project engineers become project managers or specialize in areas such as reservoir characterization, intelligent completions or directional drilling. Another development program trains professional project managers. This accredited program leads to certification by the International Project Management Association in Zurich, Switzerland. The needs of each project manager trainee are assessed and instruction on project management systems is provided using commercial business applications and software products.
The End Result
The impact of modern technology on reducing exploration and production costs is undisputed. Major challenges for today's often complex field developments are selecting and applying the proper technology. Building on a new business culture allows oil and gas companies and service companies to combine expertise and identify optimum technologies for project delivery-efficient planning, drilling, completion and well management. IPM conducts business in a manner that ensures all operations are performed safely with high, consistent standards, while protecting the environment.
Independence of action assures that the optimal fit-for-purpose technology is used for each project. Access to Schlumberger technology and worldwide experience plus the technology of other service companies and third parties, provides the flexibility to respond to individual project needs with best-in-class solutions. A safety management system bridges the HSE policies of project participants to provide a single HSE management and reporting system at the project level. A quality management system covers all technical phases of planning and executing a project.
As projects become more demanding, they require a team of people with clear roles and responsibilities. Each project's needs are matched with the right people trained for the right job. Teamwork is a natural outcome in an open, trusting relationship between operators and service suppliers. This teamwork is aided by rapid and effective communications that allow efficient sharing of data, expertise and ownership of problems and solutions. These operational benefits enhance the return on investments made in a field over its productive life.
The Outlook
Former adversarial interactions between operators and service companies are being cast aside and replaced by a true spirit of cooperation, alignment and communication. This is evidenced by the three examples in this article and the growing number of alliances and partnership projects. Today, in most oil-producing regions, operators and service companies are working together cooperatively as never before. Communication bridges are being built to connect the two sectors in ways that, if continued, will provide end-to-end solutions for the industry.
Process improvements have helped optimize service delivery and resource requirements, with a corresponding drop in well design, construction and intervention costs. By aligning with operator goals, the process is being streamlined, reducing cycle time and increasing overall efficiency, while at the same time, improving health, safety and environment protection at the wellsite. The future growth of the energy industry depends directly on the successful evolution of these relationships.
-RCH 
